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cally changing each of the regions of the model; and (1)
repeating steps (b), (¢), (d), and (e) until the output data from
the model does correspond to the set of historically known
output data.
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METHOD FOR HISTORY MATCHING A
SIMULATION MODEL USING SELF
ORGANIZING MAPS TO GENERATE

REGIONS IN THE SIMULATION MODEL

CROSS REFERENCE TO RELATED
APPLICATIONS

This 1s a Utility Application of prior pending Provisional
Application Ser. No. 60/774,589, filed Feb. 17, 2006, and
entitled “Method for History Matching a Simulation Model
using Self Organizing Maps to generate Regions 1n the Simu-
lation Model”.

BACKGROUND

This specification discloses a method, and its associated
System and Program Storage Device and Computer Program,
adapted for ‘history matching’ of numerical simulation mod-
¢ls using a Self Organizing Map (SOM) software, the SOM
being used to generate and define the ‘Regions’ among the
orid blocks of the numerical simulation model during the
history matching procedure.

History matching of numerical models 1s an 1nverse prob-
lem. That 1s, a numerical simulation model 1s adjusted such
that, when a set of historically known input parameters are
input to the model, a set of historically known output param-
eters or data will be generated by the model. History matching
1s therefore a trial and error procedure.

When ‘history matching’ a numerical stmulation model, a
set of historically known output parameters should be gener-
ated by the model 1n response to a set of historically known
input parameters. However, when the set of historically
known output parameters are not generated by the model in
response to the set of historically known input parameters, it
1s necessary to multiply the value of a parameter (e.g. perme-
ability) associated with each grid block of the numerical
simulation model by a certain value. However, it 1s clear that
the multiplier cannot be the same number for each grid block
of the model. Therefore, when the simulation model repre-
sents a reservolr field, such as an o1l or gas reservoir field, the
engineer defines one or more ‘regions’ ol the reservorr,
wherein the same multiplier within a particular ‘region’ can
be used to improve the history match. The selection of the
‘regions’ of the reservorir field can be accomplished 1n accor-
dance with a geological model of the reservoir. Very often,
one or more ‘rectangular boxes’ are used to define the
‘regions’ of the reservoir field. However, the selection of
‘rectangular boxes’ to define the ‘regions’ of the reservoir
field does not ordinarily comply with nature.

In addition, the selection of ‘regions’ in accordance with a
geological model 1s very often based on ‘static geological
information’, that is, geological information that i1s not
directly related to hydraulic parameters associated with pro-
duction from a reservoir or other changes over time (e.g.
permeability 1s derived from a correlation with porosity after
the creation of the geological model).

SUMMARY

One aspect of the present mvention mvolves a method of
history matching a simulation model, comprising: (a) defin-
ing regions exhibiting similar behavior 1in the model thereby
generating the model having a plurality of regions, each of the
plurality of regions exhibiting a similar behavior; (b) intro-
ducing historically known input data to the model; (¢) gener-
ating output data from the model 1n response to the histor-
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2

cally known input data; (d) comparing the output data from
the model with a set of historically known output data; (e)
adjusting the model when the output data from the model does
not correspond to the set of historically known output data,
the adjusting step including the step of arithmetically chang-
ing each of the regions of the model; and (1) repeating steps
(b), (¢), (d), and (e) until the output data from the model does
correspond to the set of historically known output data.

Another aspect of the present invention involves a program
storage device readable by a machine tangibly embodying a
program of instructions executable by the machine to perform
method steps for history matching a simulation model, the
method steps comprising: (a) defining regions exhibiting
similar behavior 1n the model thereby generating the model
having a plurality of regions, each of the plurality of regions
exhibiting a similar behavior; (b) introducing historically
known input data to the model; (¢) generating output data
from the model 1n response to the historically known nput
data; (d) comparing the output data from the model with a set
of historically known output data; (e) adjusting the model
when the output data from the model does not correspond to
the set of historically known output data, the adjusting step
including the step of arithmetically changing each of the
regions of the model; and (1) repeating steps (b), (c), (d), and
() until the output data from the model does correspond to the
set of historically known output data.

Another aspect of the present invention mmvolves a com-
puter program adapted to be executed by a processor, the
computer program, when executed by the processor, conduct-
ing a process for history matching a simulation model, the
process comprising: (a) defining regions exhibiting similar
behavior 1n the model thereby generating the model having a
plurality of regions, each of the plurality of regions exhibiting
a similar behavior; (b) introducing historically known 1nput
data to the model; (¢) generating output data from the model
in response to the historically known input data; (d) compar-
ing the output data from the model with a set of historically
known output data; (e) adjusting the model when the output
data from the model does not correspond to the set of histori-
cally known output data, the adjusting step including the step
of arithmetically changing each of the regions of the model;
and (1) repeating steps (b), (¢), (d), and (¢) until the output data
from the model does correspond to the set of historically
known output data.

Another aspect of the present invention mnvolves a system
adapted for history matching a simulation model, compris-
ing: first apparatus adapted for defining regions exhibiting
similar behavior in the model thereby generating the model
having a plurality of regions, each of the plurality of regions
exhibiting a similar behavior; second apparatus adapted for
introducing historically known input data to the model; third
apparatus adapted for generating output data from the model
in response to the historically known input data; fourth appa-
ratus adapted for comparing the output data from the model
with a set of historically known output data; fifth apparatus
adapted for adjusting the model when the output data from the
model does not correspond to the set of historically known
output data, the fifth apparatus including sixth apparatus
adapted for arithmetically changing each of the regions of the
model; and seventh apparatus adapted for repeating the func-
tions performed by the second, third, fourth, fifth, and sixth
apparatus until the output data from the model does corre-
spond to the set of historically known output data.

Further scope of applicability will become apparent from
the detailed description presented heremafter. It should be
understood, however, that the detailed description and the
specific examples set forth below are given by way of 1llus-
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tration only, since various changes and modifications within
the spirit and scope of the invention, as described and claimed
in this specification, will become obvious to one skilled 1n the
art from a reading of the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

A 1ull understanding will be obtained from the detailed
description presented hereinbelow, and the accompanying
drawings which are given by way of illustration only and are
not intended to be limitative to any extent, and wherein:

FI1G. 1 illustrates a workstation or other computer system
wherein the numerical simulation model and the Self Orga-
nizing Map (SOM) software 1s stored;

FI1G. 2 1llustrates a grid block of the numerical simulation
model which has a ‘parameter’ associated therewith;

FIG. 3 illustrates the numerical simulation model 1nclud-
ing a plurality of grid blocks and a method for history match-
ing the numerical simulation model including the method as
disclosed 1n this specification for history matching a simula-
tion model using Self Organizing Maps to generate Regions
in the simulation model;

FIG. 3A 1llustrates a realistic example of the numerical
simulation model including the plurality of grid blocks;

FI1G. 4 illustrates the numerical simulation model 1nclud-
ing a plurality of grid blocks, the model including a plurality
ol ‘regions’ where each ‘region’ of the model further includes
one or more of the grid blocks of the numerical simulation
model;

FIG. 5 illustrates how the ‘parameters’ (1in addition to ‘all
available information’) associated with each grid block of the
numerical simulation model are introduced, as input data, to
the Self Organizing Map (SOM) software, and the SOM
soltware responds by defining the ‘regions’ of the numerical
simulation model which are 1llustrated 1n FIG. 4;

FI1G. 6 1llustrates how ‘all available information’ associated
with each of the grnid blocks of the numerical simulation
model 1s used by the SOM software to generate and define
‘regions’ of similar behavior among the grid blocks of the
numerical simulation model, and, responsive thereto, the
SOM solftware organizes the grid blocks of the numerical
simulation model into one or more of the defined ‘regions’ as
illustrated 1n FIG. 4; and

FI1G. 7 illustrates a block diagram which describes how the
SOM soiftware will define ‘regions’ of similar behavior
among the grid blocks of the numerical simulation model.

DETAILED DESCRIPTION

This specification discloses a ‘Method for history match-
ing using Self Orgamizing Maps (SOM) to generate regions’,
wherein the novel method uses Self Organizing Maps
(“SOM”) to compute ‘regions’ of similar behavior among the
orid blocks of a numerical simulation model when ‘history
matching’ the numerical simulation model. This leads to a
much faster approach to a correct solution. Instead of hun-
dreds of simulation runs, less than 20 simulation runs are
generally necessary in order to achieve a good understanding
of the parameter values within the grid blocks of the model.
When a good understanding of such parameter values 1is
achieved, a good ‘history match’ of the numerical simulation
model 1s the result.

A first step associated with the ‘Method for history match-
ing using Self Organizing Maps (SOM) to generate regions’,
as disclosed 1n this specification, uses SOM to build a set of
‘regions’ among the grid blocks of the numerical simulation
model. That 1s, instead of grouping grid blocks 1n accordance
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4

with geology, the grid blocks are grouped 1n accordance with
‘regions of similar behavior based on all available informa-
tion’ (heremnafter called ‘regions’). The method of Self Orga-
nizing Maps (SOM) 1s used to cluster grid blocks of similar
behavior. SOMs can handle all different types of parameters,
including model parameters from the imitialization, such as
initial pressure and saturation. This ‘new approach’ (i.e.,

using SOMS to generate ‘regions’ ) takes into account several
different ‘parameters’ of each grid block of the model reflect-
ing different physical and numerical processes of hydrocar-
bon production, including:

geological description: such as lithofacies type

hydraulic flow units (HFU): such as permeabilities, porosi-

ties

imitialization: such as water saturations (initial and criti-

cal), mitial pressure

discretization: such as spatial discretization (e.g. DZ), grid

block pore volumes

PV regions

drainage

secondary phase movement: relative permeability end-

points.

Depending on the importance of the parameter of each grid
block, its influence can be controlled using a weight factor.
This factor1s normalized between O and 1. The parameter gets
the highest weight when the weight factor 1s one. A parameter
has no mfluence on the clustering when the weight factor 1s
set to 0. The SOM generates rules which are used to 1dentily

regions automatically. For example, a rule for one specific
‘region’ might be:

IF DZ>10.23 AND DZ<27.48 AN

IF PERMX>9.03 AND PERMX<2496.5 AND
IF PERMY>8.53 AND PERMY<665.9 AND
IF PERMZ>0.89 AND PERMZ<440.8 AND
IF PORO>0.077 AND PORO<0.25 AND

IF PORV>1.38e+5 AND PORV<5.26e+5 AND
IF PINI>2485.5 AND PINI<2874.4 AND

IF SWAL>0.06 AND SWAT1<0.74

THEN Grid-Block belongs to REGION 1

The advantage of this ‘new approach’ is 1its simplicity.
Since the Self Organizing Map (SOM) 1s a seli-learning
approach, 1t does not need any expert knowledge to use this
technology. The only decision which the user has to make 1s
how many ‘regions’ the user wants to create.

A second step associated with the ‘Method for history
matching using Self Orgamzing Maps (SOM) to generate
regions’, as disclosed 1n this specification, mncludes calculat-
ing a Root Mean Square (RMS) error based on ‘regions’. To
accelerate the match progress, 1t 1s necessary to calculate the
root mean square (RMS) error based on regions. This means
that the direct impact of a parameter change of aregion can be
compared to the quality of the match in that region. To do that,
it 1s necessary to split up the RMS error per well mto the
fractions which are contributed by each individual region.
Each region, in which a well 1s perforated, contributes 1n a
different way to the well behavior. As the well behavior 1s
mainly driven by its production, it 1s also clear that the impor-
tance of a region 1n the well 1s depending on the product of
permeability and thickness (kh). The higher the kh of a region
in the perforated part of a well 1s, the higher its contribution to
production will be. This principle 1s used to split up the well
RMS error into an error for each region in which the well 1s
perforated. Summing up all well RMS for one region can be
used to determine a regional RMS value. In this way, the
direct impact of a change 1n the region input parameter can be
quantified directly.
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The ‘Method for history matching using Self Organizing,
Maps (SOM) to generate regions’, as disclosed 1n this speci-
fication, represents a clear improvement to: the ‘quality of the
history match’ and the ‘number of runs needed to achieve the
history match’ of the numerical simulation model.

Referring to FIG. 1, a workstation, personal computer, or
other computer system 10 1s 1llustrated adapted for storing a
numerical simulation model 12 and a Self Organizing Map
(SOM) software 14. The computer system 10 of FIG. 1
includes a processor 10a operatively connected to a system
bus 105, a memory or other program storage device 10c¢
operatively connected to the system bus 105, and a recorder or
display device 10d operatively connected to the system bus
106. The memory or other program storage device 10c¢ stores
the numerical simulation model 12 and the Self Organizing
Map (SOM) solftware 14 which provides an mput to and
receives an output from the numerical simulation model 12.
The numerical simulation model 12 and the Self Organizing
Map (SOM) software 14 which is stored 1n the memory 10¢ of
FIG. 1 can be 1n1tlally stored on a CD-ROM, where that
CD-ROM 1s also a ‘program storage device’. That CD-ROM
can be mserted 1nto the computer system 10, and the numeri-
cal sitmulation model 12 and the Self Organizing Map (SOM)
software 14 can be loaded from that CD-ROM and 1nto the
memory/program storage device 10c¢ of the computer system
10 of FIG. 1. The computer system 10 of FIG. 1 receives
‘input data’ 16 which includes ‘historically known input data’
18. The processor 10a will execute the numerical simulation
model 12 and the Self Organizing Map (SOM) software 14
stored 1n memory 10¢ while stmultaneously using the ‘“input
data’ 16 including the ‘historically known input data’ 18; and.,
responsive thereto, the processor 10a will generate ‘Output
Data’ 20 which 1s adapted to be recorded by or displayed on
the Recorder or Display device 104 1n FIG. 1. The computer
system 10 of FIG. 1 will attempt to ‘history match’ the
numerical simulation model 12 with respect to the ‘histori-
cally known mput data’ 18 and the ‘output data’ 20 (to be
discussed later 1n this specification) by using the SOM soft-
ware 14 to achueve the match. The computer system 10 of
FIG. 1 may be a personal computer (PC), a workstation, a
microprocessor, or a mainirame. Examples of possible work-
stations include a Silicon Graphics Indigo 2 workstation or a
Sun SPARC workstation or a Sun ULTRA workstation or a
Sun BLADE workstation. The memory or program storage
device 10c¢ (including the above referenced CD-ROM) 1s a
computer readable medium or a program storage device
which 1s readable by a machine, such as the processor 10a.
The processor 10a may be, for example, a microprocessor,
microcontroller, or a mainframe or workstation processor.
The memory or program storage device 10¢, which stores the

numerical simulation model 12 and the Self Organizing Map
(SOM) software 14, may be, for example, a hard disk, ROM,

CD-ROM, DRAM, or other RAM, flash memory, magnetic
storage, optical storage, registers, or other volatile and/or
non-volatile memory.

Referring to FIGS. 2, a grid block 22 1s 1llustrated. The grid
block 22 1s only one grid block among a multitude of other
or1id blocks which comprise the numerical simulation model
12, each grid block including grid block 22 having one or
more ‘parameters’ 24 associated therewith. For example, the
‘parameters’ 24 associated with the grid blocks (including
orid block 22) may include permeability or transmissibility or
pore volume, as fully described and set forth in U.S. Pat. Nos.
6,078,869 and 6,018,497 to Gunasekera, the disclosures of
which are incorporated by reference into this specification. As
noted above, the ‘parameters’ could also include: geological
description, such as lithofacies type, hydraulic flow units
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(HEFU), such as permeabilities, porosities, mitialization, such
as water saturations (initial and critical), mnitial pressure dis-
cretization, such as spatial discretization (e.g. DZ), grid block
pore volumes, PVT regions, drainage, and secondary phase
movement, such as relative permeability endpoints.

Referring to FIG. 3, a method for ‘history matching’ the
numerical simulation model 12 with respect to the ‘histori-
cally known input data’ 18 and the ‘output data’ 20 of FIG. 1
1s discussed below with reference to FIG. 3. In FIG. 3, the
numerical simulation model 12 includes a plurality of the grid
blocks 22, each of the plurality of grid blocks 22 of FIG. 3
having one or more ‘parameters’ 24 associated therewaith,
such as permeability or transmissibility or pore volume. In
FIG. 3, when ‘history matching’ the numerical simulation
model 12, the ‘historically known input data’ 1s introduced as
‘input data’ to the model 12 and, responsive thereto, the
‘output data’ 20 1s generated. That ‘output data’ 20 1s com-
pared against a set of ‘historically known output data’ which
was previously generated (in the past) 1n response to the
‘historically known input data’. When the ‘output data’ 20
does not substantially match the “historically known output
data’, the numerical simulation model 12 must first be
‘adjusted’ before the ‘historically known input data’ 18 can
again be introduced as ‘input data’ to the model 12. In order to
‘adjust’ the model 12, refer to steps or block 26a and 265 of
FIG. 3. In step 264, to ‘adjust’ the model 12, certain ‘regions’
must be defined 1n the numerical simulation model 12. When
the ‘regions” are defined in the numerical sitmulation model
12, 1n step 265, 1t 1s necessary to multiply the ‘parameters’ 24
in each grid block of each ‘region’ by a certain value. At this
point, the model 12 has been ‘adjusted’. Then, the ‘histori-
cally known mput data’ 18 1s reintroduced, as ‘input data’, to
the model 12, and, responsive thereto, the ‘output data’ 20 1s
generated once again. That ‘output data’” 20 1s compared
against a set of ‘historically known output data’ which was
previously generated (in the past) 1n response to the ‘histori-
cally known mput data’. When the ‘output data’ 20 does not
substantially match the ‘historically known output data’, the
numerical stmulation model 12 must be ‘re-adjusted” before
the ‘historically known input data’ 18 can again be introduced
as ‘mput data’ to the model 12. In step 265, 1n order to
‘re-adjust’ the model 12, 1t 1s necessary to multiply the param-
eters 24 1n each grid block of each ‘region’ by a certain value.
At this point, the model 12 has been ‘re-adjusted’. Then, the
‘historically known input data’ 18 1s reintroduced, as ‘input
data’, to the model 12, and, responsive thereto, the ‘output
data’ 20 1s generated once again. This process repeats until the
‘output data’ 20 does, 1n fact, substantially match the ‘histori-
cally known output data’. At this point, the numerical simu-
lation model 12 has been ‘history matched’.

Referring to FIG. 3A, a realistic illustration of a typical
numerical simulation model 12 of FIG. 3 1s 1llustrated. Note
the multitude of grid blocks 22 which have the ‘parameters’
24 of FIG. 2 associated therewith.

Referring to FIG. 4, the numerical simulation model 12 of
FIG. 3 1s 1llustrated including a plurality of grid blocks 22. In
FIG. 4, the model 12 includes a plurality of ‘regions’ 30 where
cach ‘region’ 30 of the model 12 further includes one or more
of the grid blocks 22, each grid block 22 having ‘parameters’
24 of FIG. 2 associated therewith. Recall that, in order to
‘history match’ the numerical simulation model 12, certain
‘regions’ 30 must be defined 1 the numerical simulation
model 12. When the ‘regions’ 30 are defined in the numerical
simulation model 12, in step 265 of FI1G. 3, it 1s necessary to
multiply the ‘parameters’ 24 (of FIG. 2) 1n each grid block 22
of the ‘region’ 30 by a certain value. At this point, the model
12 has been ‘adjusted’.
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Referring to FIGS. 4 and 5, referring imtially to FIG. 5, the
‘parameters’ P1, P2, . . ., and P10 associated with each grid

block 22 (1n addition to ‘all available information’ associated
with each grid block 22) of the numerical simulation model
12 are mtroduced, as mput data, to the Self Organizing Map
(SOM) software 14, and, responsive thereto, the SOM soft-
ware 14 responds by defining the ‘regions’ 30 of the numerti-
cal simulation model 12 which are illustrated i FIG. 4. In
particular, the SOM software 14 will define the ‘regions’ 30
‘of similar behavior’ within the numerical simulation model
12. For example, in FIG. 4, the SOM software 14 of FIG. 5
will define: (1) a first ‘region 1° 30q having a first particular
type of similar behavior, (2) a second ‘region 2° 305 having a
second particular type of similar behavior, (3) a third ‘region
3" 30c¢ having a third particular type of similar behavior, (4) a
tourth ‘region 4° 304 having a fourth particular type of similar
behavior, (35) a fifth ‘region 5° 30e having a fifth particular
type of similar behavior, (6) a sixth ‘region 6° 30/ having a
sixth particular type of similar behavior, and (7) a seventh

‘region 7” 30g having a seventh particular type of similar
behavior.

Referring to FIGS. 4 and 6, referring inmitially to FIG. 6,
note that ‘all available mnformation” associated with each of
the grid blocks 22 of the numerical stmulation model 12 1s
used by the SOM software 14 to generate and define ‘regions’
30 of similar behavior among the grid blocks 22 of the
numerical simulation model 12, and, responsive thereto, the
SOM sofitware 14 organizes the grid blocks 22 of the numeri-
cal simulation model 12 into one or more of the defined
‘regions’ 30a,30b,30c,30d, 30¢, 30/, and 30g as illustrated in
FIG. 4. In FIG. 6, for example, ‘all available information
about grid block 1’ 32, and ‘all available information about
orid block 2”34, . . ., and ‘all available information about grid
block N’ 36 is received by the SOM software 14. In response
thereto, the SOM software 14 will ‘generate and define
regions of similar behavior based on all available information
associated with the grid blocks’ as indicated by step 38 1n FI1G.
6. When the ‘regions of similar behavior’ are defined, as
indicated by step 40 1n FIG. 6, the SOM software 14 will
organize the grid blocks 22 into one or more ‘regions’ of
similar behavior, as shown 1n FIG. 4. For example, as 1llus-
trated 1n FIG. 4, the SOM software 14 of FIGS. 1, 5, and 6
will: (1) organize the grid blocks 22 into a ‘region 1° 30a
having a first type of similar behavior, (2) organize the grid
blocks 22 1nto a ‘region 2° 305 having a second type of similar
behavior, (3) organize the grid blocks 22 1nto a ‘region 3’ 30c¢
having a third type of similar behavior, (4) organize the grid
blocks 22 1nto a ‘region 4° 304 having a fourth type of similar
behavior, (5) organize the grid blocks 22 1nto a ‘region 5’ 30¢e
having a fifth type of similar behavior, (6) organize the grid
blocks 22 1nto a ‘region 6” 30/ having a sixth type of similar
behavior, and (7) organize the grid blocks 22 into a ‘region /7’
30¢g having a seventh type of similar behavior.

Referring to FIG. 7, a block diagram 38 1s 1llustrated which
describes how the SOM software 14 of FIGS. 1, 5, and 6 will
‘Define Regions of Sitmilar Behavior’, as indicated by step 38
in FI1G. 6. The block diagram 38 of FIG. 7 representing step 38
in FIG. 6 includes the following sub-steps: step 38a, step 385,
step 38c¢, and step 384. In order to fully understand step 38 of
FIG. 6 which includes sub-steps 38a-384 as shown in FIG. 7,
it would be helptul to read U.S. Pat. No. 6,950,786 to Sonne-
land et al (hereinatter, the 786 Sonneland et al patent), 1ssued
Sep. 27, 2005, entitled “Method and Apparatus for Generat-
ing a Cross Plot in Attribute Space from a Plurality of
Attribute Data Sets and Generating a Class Data Set from the
Cross Plot”, with particular reference to FIGS. 16 through 21
of the 786 Sonneland et al patent, the disclosure of which 1s

10

15

20

25

30

35

40

45

50

55

60

65

8

incorporated by reference mto the specification of this appli-
cation. In FIG. 7, the SOM Software 14 will ‘define regions of
similar behavior’ (as indicated by step 38 1n FIG. 6) by execut-
ing the following steps: (1) Crossplot the parameters of the
orid cells, step 38a of FI1G. 7, such as the parameters 24 of the
orid cells 22 of FIG. 2, (2) Identily clusters of points within
the crossplot—the points within a cluster represent grid cells
having parameters which have similar behavior, step 385, (3)
Plot the grid cells on a multidimensional plot while recalling
the 1dentity of those grid cells within the cluster which have
similar behavior, step 38¢, and (4) group together those grid
cells on the multidimensional plot which clustered together
on the crossplot—that group 1s called a ‘region’, step 38d.

A functional description of the operation of the present
invention will be set forth below with reference to FIGS. 1
through 7 of the drawings.

In FIG. 3, when ‘history matching’ the numerical simula-
tion model 12, the ‘historically known mput data’ 1s intro-
duced as ‘mnput data’ to the model 12 and, responsive thereto,
the ‘output data’ 20 1s generated. That ‘output data’ 20 1s
compared against a set of ‘historically known output data’
which was previously generated (in the past) 1n response to
the ‘historically known mput data’. When the ‘output data’ 20
does not substantially match the “historically known output
data’, the numerical simulation model 12 must first be
‘adjusted’ before the ‘historically known input data’ 18 can
again be introduced as “input data’ to the model 12. In order to
‘adjust’ the model 12, refer to steps or block 26a and 265 of
FIG. 3. In step 264, 1n order to ‘adjust’ the model 12, certain
‘regions’ 30 of the model 12 of FIG. 4 must be defined and
generated 1 the numerical simulation model 12. The

‘regions’ 30 of the numerical simulation model 12 of FIG. 4
are defined and generated by the SOM solitware 14 of FIGS.

1,5, and 6. The SOM software 14 will define and generate the
‘regions’ 30 o1 FI1G. 4 by executing the following steps of F1G.
7 (refer to U.S. Pat. No. 6,950,786 to Sonneland et al, with
particular reference to FIGS. 16 through 21 of the *786 Son-
neland et al patent, the disclosure of which has already been
incorporated herein by reference): (1) Crossplot the param-
cters of the gnid cells, step 38a of FIG. 7, such as the param-
cters 24 of the grid cells 22 of FIG. 2, (2) Identify clusters of
points within the crossplot—the points within a cluster rep-
resent grid cells having parameters which have similar behav-
101, step 385, (3) Plot the grid cells on a multidimensional plot
while recalling the identity of those grid cells within the
cluster which have similar behavior, step 38¢, and (4) group
together those grid cells on the multidimensional plot which
clustered together on the crossplot—that group 1s called a
‘region’, step 38d. When the ‘regions’ are defined by the SOM
soltware 14 1n the numerical stmulation model 12, 1n step 265
of FIG. 3, 1t 1s necessary to multiply the ‘parameters’ 24 1n
cach grid block of each ‘region’ by a certain ‘value’. However,
the ‘value’ for one ‘region’ may be different from the ‘value’
for another ‘region’ because ‘1t 1s clear that the multiplier
cannot be the same number for each grid block of the model’.
At this point, the model 12 has been ‘adjusted’. Then, the
‘historically known input data” 18 1s remtroduced, as ‘input
data’, to the model 12, and, responsive thereto, the ‘output
data’ 20 1s generated once again. That ‘output data’ 20 1s
compared against a set of ‘historically known output data’
which was previously generated (in the past) 1n response to
the ‘historically known input data’. When the ‘output data’ 20
does not substantially match the “historically known output
data’, the numerical simulation model 12 must be ‘re-ad-
justed’ 1n the same manner as discussed above before the
‘historically known input data’ 18 can again be introduced as
‘input data’to the model 12. In step 26, in order to ‘re-adjust”
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the model 12, it may be necessary to: (1) use the SOM soft-
ware 14 to define the ‘regions’ 30 of the numerical simulation
model 12 of FI1G. 4 by executing the steps 38a-384 ol F1G. 7
(a step which may have already been accomplished and there-
fore may not be necessary), and (2) multiply the parameters
24 1n each grid block of each newly defined ‘region’ by a
certain value. Again, the ‘value’ for one ‘region’ may be
different from the ‘value’ for another ‘region’ because ‘1t 1s
clear that the multiplier cannot be the same number for each
orid block of the model’. At this point, the model 12 has been
‘re-adjusted’. Then, the ‘historically known input data’ 18 1s
reintroduced, as ‘inputdata’, to the model 12, and, responsive
thereto, the ‘output data’ 20 i1s generated once again. This
process repeats until the ‘output data’ 20 does, 1n fact, sub-
stantially match the ‘historically known output data’. At this
point, the numerical simulation model 12 has been ‘history
matched’.

The above description, pertaining to the use of SOM’s to
define ‘regions’ during the ‘history matching’ of numerical
simulation models, being thus described, it will be obvious
that the same may be varied in many ways. Such variations are
not to be regarded as a departure from the spirit and scope of
the claimed method or apparatus or program storage device,
and all such modifications as would be obvious to one skilled
in the art are intended to be included within the scope of the
following claims.

We claim:

1. A method of history matching a simulation model, com-
prising;:

(a) defining regions exhibiting similar rule based behavior

in said model thereby generating said model having a
plurality of regions, each of the plurality of regions
including grid cells and exhibiting a similar rule based
behavior wherein the defining comprises Self-Organiz-
ing Map-based clustering of gnid cells, recalling the
identity of those grid cells within each cluster which has
similar rule based behavior, and grouping together grid
cells into groups each group defining a region exhibiting
similar rule based behavior according to the clustering;

(b) mtroducing historically known mput data to said

model;

() generating output data from said model 1n response to

said historically known input data;

(d) comparing said output data from said model with a set

of historically known output data to determine an error;

() adjusting said model when said output data from said

model does not correspond to said set of historically
known output data, the adjusting step including the step
of arithmetically changing grid cells 1n one or more each
of the regions of said model based at least 1n part on the
error; and

(1) repeating steps (b), (¢), (d), and (e) until said output data

from said model does correspond to said set of histori-
cally known output data.

2. The method of claim 1, wherein each grid cell of each
region has parameters associated therewith, and wherein the
step of arithmetically changing grid cells 1n one or more of the
regions of said model comprises:

multiplying said parameters of each grid cell 1n one or more

of the regions of said model by a value.

3. The method of claim 2, wherein the step of defiming
regions exhibiting similar rule based behavior 1n said model
comprises: crossploting the parameters of the grid cells on a
crossplot, identiiying clusters of points within the crossplot,
the points within a cluster representing grid cells having
parameters exhibiting similar rule based behavior, plotting
the grid cells on a multidimensional plot while recalling the
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identity of those grid cells within the cluster which have
similar rule based behavior, and grouping together those grid
cells on the multidimensional plot which clustered together
on the crossplot, each group defining a region exhibiting
similar rule based behavior.

4. A program storage device readable by a machine tangi-
bly embodying a program of instructions executable by the
machine to perform method steps for history matching a
simulation model, said method steps comprising:

(a) defining regions exhibiting similar rule based behavior
in said model thereby generating said model having a
plurality of regions, each of the plurality of regions
including grid cells and exhibiting a similar rule based
behavior wherein the defining comprises Self-Organiz-
ing Map-based clustering of grid cells, recalling the
identity of those grid cells within each cluster which has
similar rule based behavior, and grouping together grid
cells into groups, each group defining a region exhibait-
ing similar rule based behavior according to the cluster-
Ing;

(b) introducing historically known imnput data to said
model;

(c) generating output data from said model in response to
said historically known 1nput data;

(d) comparing said output data from said model with a set
of historically known output data to determine an error;

(e) adjusting said model when said output data from said
model does not correspond to said set of historically
known output data, the adjusting step including the step
of arithmetically changing grid cells 1n one or more of
the regions of said model based at least 1n part on the
error; and

(1) repeating steps (b), (¢), (d), and (e) until said output data
from said model does correspond to said set of histori-
cally known output data.

5. The program storage device of claim 4, wherein each
orid cell of each region has parameters associated therewith,
and wherein the step of arithmetically changing grid cells 1n
one or more of the regions of said model comprises:

multiplying said parameters of each grid cell in one or more
of the regions of said model by a value.

6. The program storage device of claim 5, wherein the step
of defining regions exhibiting similar rule based behavior 1n
said model comprises: crossploting the parameters of the grid
cells on a crossplot, 1dentifying clusters of points within the
crossplot, the points within a cluster representing grid cells
having parameters exhibiting similar rule based behavior,
plotting the grid cells on a multidimensional plot while recall-
ing the identity of those grid cells withuin the cluster which
have similar rule based behavior, and grouping together those
orid cells on the multidimensional plot which clustered
together on the crossplot, each group defining a region exhib-
iting similar rule based behavior.

7. A computer program adapted to be executed by a pro-
cessor, said computer program, when executed by said pro-
cessor, conducting a process for history matching a simula-
tion model, said process comprising

(a) defining regions exhibiting similar rule based behavior
in said model thereby generating said model having a
plurality of regions, each of the plurality of regions
including grid cells and exhibiting a similar rule based
behavior wherein the defining comprises Self-Organiz-
ing Map-based clustering of grid cells, recalling the
identity of those grid cells within each cluster which has
similar rule based behavior, and grouping together grid
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cells into groups, each group defining a region exhibit-
ing similar rule based behavior according to the cluster-
112,

(b) mftroducing historically known imnput data to said
model;

(c) generating output data from said model 1n response to
said historically known input data;

(d) comparing said output data from said model with a set
of historically known output data to determine an error;

(e) adjusting said model when said output data from said
model does not correspond to said set of historically
known output data, the adjusting step including the step
of arithmetically changing grid cells 1n one or more of
the regions of said model based at least 1n part on the
error; and

(1) repeating steps (b), (¢), (d), and () until said output data
from said model does correspond to said set of histori-
cally known output data.

8. The computer program of claim 7, wherein each grid cell
of each region has parameters associated therewith, and
wherein the step of arithmetically changing grid cells in one
or more of the regions of said model comprises:

multiplying said parameters of each grid cell in one or more
of the regions of said model by a value.

9. The computer program of claim 8, wherein the step of
defining regions exhibiting similar rule based behavior in said
model comprises: crossploting the parameters of the grid
cells on a crossplot, identifying clusters of points within the
crossplot, the points within a cluster representing grid cells
having parameters exhibiting similar rule based behavior,
plotting the grid cells on a multidimensional plot while recall-
ing the identity of those grid cells within the cluster which
have similar rule based behavior, and grouping together those
orid cells on the multidimensional plot which clustered
together on the crossplot, each group defining a region exhib-
iting similar rule based behavior.

10. A system adapted for history matching a simulation
model, comprising:

A first apparatus defining regions exhibiting similar rule
based behavior in said model thereby generating said
model having a plurality of regions, each of the plurality
of regions including grid cells and defined by Self Orga-
nizing Maps as exhibiting a similar rule based behavior
wherein the defining comprises Self-Organizing Map-
based clustering of grid cells recalling the 1dentity of
those grid cells within each cluster which has similar
rule based behavior, and grouping together grid cells
into groups, each group defimng a region exhibiting
similar rule based behavior according to the clustering;

a second apparatus itroducing historically known input
data to said model;

a third apparatus generating output data from said model in
response to said historically known input data;

a fourth apparatus comparing said output data from said
model with a set of historically known output data to
determine an error;

a fifth apparatus adapted adjusting said model when said
output data from said model does not correspond to said
set of historically known output data, the fifth apparatus
including sixth apparatus arithmetically changing grid
cells 1n one or more each of the regions of said model
based at least in part on the error; and

seventh apparatus repeating the functions performed by the
second, third, fourth, fifth, and sixth apparatus until said
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output data from said model does correspond to said set
of historically known output data.

11. The system of claim 10, wherein each grid cell of each
region has parameters associated therewith, and wherein the
sixth apparatus arithmetically changing grid cells in one or
more of the regions of said model comprises: apparatus mul-
tiplying said parameters of each grid cell in one or more of the
regions of said model by a value.

12. The system of claim 11, wherein the first apparatus
defining regions exhibiting similar rule based behavior 1n said
model comprises:

apparatus crossploting the parameters of the grid cells on a

crossplot,

apparatus 1dentitying clusters of points within the cross-

plot, the points within a cluster representing grid cells
having parameters exhibiting similar rule based behav-
10T,
apparatus plotting the grid cells on a multidimensional plot
while recalling the 1dentity of those grid cells within the
cluster which have similar rule based behavior, and

apparatus grouping together those grid cells on the multi-
dimensional plot which clustered together on the cross-
plot, each group defining a region exhibiting similar rule
based behavior.
13. One or more computer-readable media comprising pro-
cessor-executable 1nstructions to mstruct a computer to:
define regions using Self Organizing Map-based clustering,
of grid cells that comprises recalling the identity of those
orid cells within each cluster which has similar rule
based behavior and grouping together grid cells 1nto
groups, each group defining a region exhibiting similar
rule based behavior according to the clustering;

execute a model based on the regions to provide output
data;

determine a model error between the output data and his-

torical data:

adjust one or more grid cell parameters for the grid cells 1n

at least one of the regions based at least 1n part on the
model error; and

execute an adjusted model to minimize the model error, the

adjusted model based at least 1in part on the adjusted one
or more grid cell parameters.

14. The one or more computer-readable media of claim 13
wherein the model error comprises a root mean square error.

15. The one or more computer-readable media of claim 13
further comprising processor-executable instructions to
instruct a computer to:

to split the model error 1into an error for each of the regions.

16. The one or more computer-readable media of claim 135
wherein the error for each of the regions depends at least in
part on the model error and the product of a permeability
parameter and a thickness parameter.

17. The one or more computer-readable media of claim 13
wherein the Self Organmizing Map-based clustering comprises
generating rules to identily regions.

18. The one or more computer-readable media of claim 17
wherein the rules specily upper and lower bounds for one or
more grid cell parameters.

19. The one or more computer-readable media of claim 13
wherein a grid cell parameter of a grid cell comprises a weight
factor.

20. The one or more computer-readable media of claim 19
wherein the weight factor atfects clustering of the grid cell.
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